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The plasmonic character of monolayer silicene is investigated by time-dependent density functional
theory in the random phase approximation. Both the intrinsic (undoped) and several extrinsic
(carrier doped or gated) conditions are explored by simulating injection of a probe particle (i.e.,
an electron or a photon) of energy below 20 eV and in-plane momentum smaller than 1.1 A˚1. The
energy-loss function of the system is analyzed, with particular reference to its induced charge-density
fluctuations, i.e., plasmon resonances and corresponding dispersions, occurring in the investigated
energy-momentum region. At energies larger than 1.5 eV, two intrinsic interband modes are detected
and characterized. The first one is a hybridized pi-like plasmon, which is assisted by competing one-
electron processes involving sp2 and sp3 states, and depends on the slightest changes in specific
geometric parameters, such as nearest-neighbor atomic distance and buckling constant. The second
one is a more conventional pi-σ plasmon, which is more intense than the pi-like plasmon and more
affected by one-electron processes involving the σ bands with respect to the analogous collective
oscillation in monolayer graphene. At energies below 1 eV, two extrinsic intraband modes are
predicted to occur, which are generated by distinct types of Dirac electrons (associated with different
Fermi velocities at the so-called Dirac points). The most intense of them is a two-dimensional
plasmon, having an energy-momentum dispersion that resembles that of a two-dimensional electron
gas. The other is an acoustic plasmon that occurs for specific momentum directions and competes
with the two-dimensional plasmon at mid-infrared energies. The strong anisotropic character of this
mode cannot be explained in terms of the widely used Dirac-cone approximation. As in mono-, bi-,
and few-layer graphene, the extrinsic oscillations of silicene are highly sensitive to the concentration
of injected or ejected charge carriers. More importantly, the two-dimensional and acoustic plasmons
appear to be a signature of the honeycomb lattice, independently of the chemistry of the group-IV
elements and the details of the unit-cell geometry.
I. INTRODUCTION
Atomically thin materials, organized in hexagonal
honeycomb like geometry, have been through intense
scrutiny due to their exceptional electronic properties,
the most intriguing of which is, perhaps, the strong
coupling between their quantized charge-density fluctu-
ations, i.e., plasmon modes, and light or other charged
particles [1–5]. Control and manipulation of the plas-
mon properties of these two-dimensional systems, includ-
ing graphene and beyond, are expected to guide the
design of next-generation nanophotonic and nanoelec-
tronic devices, with the enhanced capability to oper-
ate from terahertz (THz) to infrared (IR) frequencies.
Indeed, plasmon-like modes appear as the “true” low-
energy excitations of low-dimensional system [6, 7], while
charged and spinful modes are realized as coherent states,
with their own peculiar dynamics [8, 9], both in nor-
mal, and in superconducting phases [10–13]. Fundamen-
tal research and technological applications have been his-
torically focused on monolayer graphene (MG) [14, 15],
whose extrinsic plasmons exhibit much stronger con-
finement, larger tunability and lower losses compared
to gold and silver nanoparticles [16]. Recent studies
have thoroughly characterized the plasmon dispersions
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in MG [17–22] and some other graphene-related ma-
terials, such as bilayer graphene (BLG) [23, 24] and
graphene nanoribbons (GNRs) arranged in regular pla-
nar arrays,which, unlike MG, offer geometrically con-
trollable band gaps [25–27]. Further advances are ex-
pected from the analysis of nanocarbon-metal interfaces
together with associated application developments in bi-
ological sensing, optical signal processing and quantum
information technology [3, 28–32].
Nonetheless, the incompatibility of carbon-based ma-
terials with current silicon-based electronics makes the
former unsuitable for immediate use, for which reason,
other candidates among the group-IV elements, e.g., Sil-
icon and Germanium in honeycomb lattice, have been ex-
plored [33–40] that, similarly to MG, have, in their free-
standing forms, linear dispersing valence (pi) and conduc-
tion (pi∗) bands, crossing at the inequivalent K (and K′)
points [41, 42], where charge-carries behave as massless
Dirac fermions.
In particular, silicene has been recognized to have four
principal advantages with respect to MG: (i) compati-
bility with current electronics; (ii) large spin-orbit in-
duced band gap of 1-10 meV [42, 43], with respect to
the 10−3 meV value predicted for MG [44], which has
been confirmed by an experimental realization of the
quantum spin Hall effect [45]; (iii) tunable band gap in
the presence of a perpendicular electric field [35, 46–49],
with band gap values of several meV that increase with
increasing the field strength, or by hydrogenation [50–
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252] and fluorination [53]; and (iv) synthesis on various
substrates with different electronic properties [39]. This
and other beyond-graphene systems are expected to be
good competitors with graphene-related materials, shar-
ing with the latter many of the superior features of MG,
plus enhanced controllable electronic properties for spe-
cific applications. A further support in this direction
has been the fabrication of a silicene-based field-effect-
transistor [54].
From the structural point of view, atomic resolved
scanning tunneling microscopy (STM) experiments, com-
bined with density-functional calculations [34, 52, 55, 56],
have demonstrated that silicene is characterized by a
buckled honeycomb lattice where the sp2 hybridized or-
bitals get slightly dehybridized into sp3 like orbitals caus-
ing a weakening of the pi bonds. This mixed sp2-sp3
hybridization yields a nearest-neighbor Si-Si distance of
2.2-2.3 A˚ and a low buckling of 0.45-0.55 A˚.
On the practical side, silicene has been success-
fully grown on transition metals, such as Ag(001),
Ag(110), Ag(111) [36, 39, 40], Ir(111) [57], metal
dichalcogenides, like MoS2 [58, 59], and ceramic ma-
terials, e.g., ZrB2(0001) [60]. Combined experimen-
tal and theoretical studies have demonstrated that the
Dirac cone disappears in silicene grown on Ag sub-
strates, due to strong hybridization between Si and
Ag orbitals [61–64]. Further theoretical scrutiny has
also predicted silicene to be energetically stable (with
unperturbed Dirac cones) on h-BN, H-passivated C-
SiC(0001), Si-SiC(0001), Cl-passivated Si(111), CaF2,
AlAs(111), AlP(111), GaAs(111), GaP(111), ZnSe(111),
and ZnS(111) [40, 62, 65–68]. Semiconducting substrates
with large band gaps like h-BN turn out to be excellent
candidates to adsorb pristine silicene, simply because no
substrate states appear close to the Fermi level and, ac-
cordingly, the interaction silicene-substrate cannot per-
turb the Dirac-cone structure.
Although the structural properties of pristine silicene
are well established, a comprehensive approach and de-
scription of its plasmon properties at low and high en-
ergies, from the IR to ultraviolet (UV) range, has not
been presented so far. A few theoretical studies [69–72],
based on the analysis of the electron energy-loss function
and absorption spectrum, have reported the existence of
two interband plasmons in intrinsic silicene, occurring
at energies larger than 1.5 eV for vanishingly small mo-
mentum transfers. These are counterparts to the well-
known pi and pi-σ plasmons found in MG, BLG and
graphite [73]. Otherwise, MG, silicene and germanene
have been proved to have the same IR frequency ab-
sorbance [74], which is a universal feature of the two-
dimensional honeycomb lattice and does not depend on
the chemistry of the group-IV element, buckling param-
eter or hybridization state. Furthermore, some notewor-
thy approaches have investigated the effect of an external,
perpendicular electric field [47, 48], plus an additional ex-
change field [49], probing the spin-orbit band-structure of
silicene, below some tenths of eV around the K and K′
points. In these studies, the use of an effective two-spinor
Hamiltonian, with an emergent Dirac-cone structure per-
turbed by spin-orbit [75] and external/field terms, has
revealed presence and interplay of extrinsic plasmons,
at meV energies and far-IR wave lengths, displaying fea-
tures of different regimes, including those of a topological
insulator and a valley-spin polarized metal. In the same
energy-momentum region, of key-interest for nanodevice
applications, it has been demonstrated that the electron-
phonon interaction plays a critical role [76, 77], leading
the in-plane phonon modes to hybridize with the extrin-
sic plasmons.
Here, we present a full ab initio approach, based on
time-dependent (TD) density functional theory (DFT)
within the random phase approximation (RPA), to scru-
tinize the plasmon properties of pristine and doped sil-
icene in absence of external fields and spin-orbit ef-
fects, which makes an excellent approximation for ap-
plications in the mid-IR to UV range, with the plasmon-
phonon coupling reduced to a minor extent. First, we
focus on the intrinsic IR and UV plasmons, whose long-
wavelength behavior is in agreement with the absorbance
predictions of Refs. 71 and 72. In particular, we de-
scribe the role played by sp2 and sp3 hybridization in the
Landau damping mechanism, which affects the silicene
counterpart of the MG pi plasmon. Next, we discuss the
mid-IR to near-IR extrinsic plasmons, highlighting the
occurrence of two distinct tunable modes, which may be
seen as a universal feature of the gapless band-structure
of group IV elements in honeycomb lattice.
Our arguments are organized as follows. In section II,
we briefly outline the key concepts of our TDDFT+RPA
scheme, suitable for two-dimensional periodic systems.
In section III, we analyze the energy-loss spectrum of
silicene at high energies (larger than ∼ 1.5 eV), with
reference to the coupling of the intrinsic plasmons and
single-particle (SP) processes, involving sp2 and sp3 hy-
bridized states. In section IV, we investigate the low-
energy end of the energy-loss spectrum (below ∼ 1 eV)
in the presence of carrier doping, and show the interrela-
tion between two extrinsic intraband modes: one of them
is a two-dimensional plasmon, already observed in a va-
riety of graphene-based materials; the other is an acous-
tic plasmon, direct consequence of the anisotropic band
structure of the system around the Dirac points, i.e., the
failure of the Dirac-cone approximation. In section V, we
draw our conclusions.
II. METHODS
In this section, we first provide the input parame-
ters of our ground-state density functional calculations
of monolayer silicene (Sec. II A). Then, we highlight the
main features of our TDDFT approach, yielding the com-
plex permittivity and loss function of the system un-
der both intrinsic and extrinsic conditions (Sec. II B).
Hartree atomic units are used throughout, unless oth-
3erwise stated. All calculations were performed on a
high performance computing cluster [78], using up to 512
CPUs on 32 nodes with 3840 Gb memory.
A. DFT calculation
The equilibrium electronic properties of silicene were
determined by DFT in the local density approxima-
tion (LDA) [79], with the Kohn-Sham (KS) electron wave
functions expanded in the plane-wave (PW) basis [80].
The latter is represented by the space functions
PWk+G(r) = Ω
−1/2
0 e
i(k+G)·r, (1)
where k is a wave vector in the first Brillouin zone (BZ),
G a reciprocal-lattice vector, and Ω0 the unit-cell volume
associated to the real-space lattice [Fig. 1(a) and 1(b)].
The number of PWs was limited by the energy cut off
|k + G|/2 ≤ 25 Hartrees. Norm conserving pseudopo-
tentials of the Troullier-Martins type were adopted to
eliminate the core electrons [81]. The three-dimensional
periodicity inherent in our PW-DFT approach was gen-
erated by replicating the silicene planes with a minimum
separation L of 20 A˚.
Geometry optimization and ground state calculations
were carried out on the irreducible part of the first BZ
[ΓKM triangle in Fig. 1(b)], using a Γ-centered and un-
shifted Monkhorst-Pack (MP) grid of N = 180×180×1
k points [82]. The optimized lattice constant a and
buckling parameter ∆ were found to be a = 3.82 A˚
and ∆ = 0.45 A˚, respectively [Fig. 1(a)]. Slightly
larger lattice-constant values available from the litera-
ture [42, 52, 66, 83] were also tested, while keeping the
buckling parameter fixed to its optimized value (see Ap-
pendix A).
As for the LDA electronic structure, the KS energies
ενk and wave functions
〈r|νk〉 = N−1/2
∑
G
cνk+GPWk+G(r), (2)
were computed for ν ≤ 50 bands, with the G sum being
limited by the energy cut off condition set forth above to
include ∼ 5000 coefficients cνk+G per wave function.
A simple visual perspective of the band ener-
gies [Fig. 1(c)] shows that silicene presents a Dirac-cone
structure at the K points, within ∼ 0.8 eV around the
Fermi energy EF . Looking at the density of states (DOS)
as function of the band energies [Fig. 1(d)], we notice
that the two peaks closest to EF correspond to pi and pi
∗
flat band dispersions at the M point [Fig. 1(c)]. Other
two peculiar DOS-peak structures, appearing at ∼ 3-
4 eV above and below EF , are direct consequence of the
mixed sp2-sp3 hybridization and buckled conformation
of silicene. A more-detailed insight into these hybridiza-
tion mechanisms is offered by the orbital projected band
structure and DOS of Fig. 1(e) and 1(f), respectively,
where we have separated the contribution of s and p‖
0.0 0.5 1.0 1.5 2.0 2.5
(c) Γ K M Γ
-10
-5
5
Ba
nd
 S
tru
ct
ur
e 
(e
V)
 
π* 
π* 
π 
π 
σd* σd*  
σ
σ0
π 
σ
Γ K
M
(b) Reciprocal Space 
 Δ/2
-Δ/2
a
(a) Real Space
(e) 
k (Å-1)
0.0 0.5 1.0 1.5 2.0 2.5
Γ K M Γ
-10
-5
5
Pr
oj
. B
an
ds
 (e
V)
 
0
EF= 0 
-10
-5
5
(d) DOS
0
(f) Proj. DOS
s p||
p⊥
EF= 0 
-5
5
0
-10 d
FIG. 1. Geometric and ground state properties of silicene:
(a) direct lattice, unit cell (green shaded rhomboid), lattice
constant a = 3.82 A˚, and buckling parameter ∆ = 0.45 A˚; (b)
reciprocal lattice, first BZ, irreducible BZ (blue shaded trian-
gle), and high-symmetry points Γ, K, M ; (c) band structure
along ΓKMΓ, with the Fermi level set to zero energy; (d)
DOS profile corresponding to the energy width of panel (c);
(e) orbital projected band structure along ΓKMΓ onto s p‖,
p⊥ and d states of the unit-cell atoms (with ‖ denoting the
in-plane bons and ⊥ the out-of-plane bonds). The radius of
each point is proportional to the weight of the corresponding
atomic contribution; (f) orbital projected DOS corresponding
to the orbital projected bands of panel (e).
states, forming sp2 like bonds, from p⊥ states, involved
in pi bonds, and d states of the unit-cell Si atoms. The
valence bands have well-defined σ and pi characters, with
sharp avoided-crossing features in correspondence of the
DOS peaks at 2.5-3.5 eV below EF . The conduction
states above the Dirac point are also of the pi form, yield-
ing an antibonding pi∗ band responsible for the DOS peak
at 2.7 eV above EF [41]. Another conduction band de-
noted σ∗d lies close to the pi
∗ band and produces a DOS
peak at 3 eV above EF . It has a dominant σ-character
contaminated by d states. Other conduction bands are
strongly influenced by d, f , and higher principal quan-
tum numbers, as it can be deduced by comparing the
full DOS and its projected s p‖, p⊥ and d components at
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FIG. 2. Partial DOS vs the one-electron energy of the pi
and pi∗ bands and group velocity along ΓK [(a),(b)] and ΓM
[(c),(d)]. The intensity scale in the density plots of (a) and (c)
is cut at 12% of the peak maximum, occurring for small group
velocities, to emphasize the behavior of the Dirac electrons,
whose intensity peaks are denoted B1, B
′
1, B2, B
′
2. (b) and
(d) provide a complementary view of (a) and (c), respectively,
with the partial DOS curves being reported for fixed group
velocity values and shifted vertically for clarity.
energies larger than ∼ 3 eV above EF .
These characteristics (not found in MG [84]) play an
important role in the plasmonic properties of silicene at
probing energies larger than 1.5 eV, as we will see in
Sec. III.
As for the Dirac point features of the pi-pi∗ electrons,
an average Fermi-velocity value vF = 0.54×10−6 m/s can
be extracted from the band data, which is roughly 65%
of that derived from local density calculations in MG,
and reflects a relatively reduced mobility of the mass-
less Dirac fermions of Silicene. A more detailed anal-
ysis is made possible by inspection of the partial DOS
as function of the pi-pi∗ energies and group velocities
parallel to ΓK [Figs. 2(a) and 2(b)] and ΓM [Fig. 2(c)
and 2(d)]. Along ΓK, the DOS is peaked at two dis-
tinct Fermi-velocity values, corresponding to the B′1, B
′
2
branches below EF and the B1, B2 branches above EF
in Fig. 2(a). On the other hand, along ΓM, the DOS
is peaked around one single Fermi-velocity value, associ-
ated to the B′1 branch below EF and B1 branch above
EF in Fig. 2(c).
Like in MG [18, 22], this anisotropic behavior is out-
side the Dirac-cone approximation, and yields markedly
different extrinsic plasmon responses at probing energies
smaller than 1.0 eV.
B. TDDFT+RPA approach
Plasmons in solid state materials are typically trig-
gered by electron-beam radiation or photo-currents below
a few eV, and charged ions with incident kinetic energy
of the order of 0.1-1 keV[85–92]. In the present context,
we consider introducing an electron or a photon, with
incident momentum q and frequency ω, which weakly
perturbs the KS electrons of silicene. The unperturbed
density-density response function of the system to the
test particle is provided by the Adler-Wiser formula [93–
95]. The latter is generally represented in the reciprocal
space as follows
χ0GG′ =
2
NΩ0
∑
k,ν,ν′
(fνk − fν′k+q)ρkqνν′(G) ρkqνν′(G′)∗
ω + ενk − εν′k+q + i η .
(3)
Here, the factor of 2 accounts for the spin degeneracy,
fνk labels the Fermi-Dirac distribution,
ρkqνν′(G) =
∫
Ω
d3r〈νk|r〉e−i(q+G)·r〈r|ν′k+ q〉 (4)
are density-density correlation matrix elements, and η
yields a positive broadening (chosen to the value of
0.02 eV).
The interacting density-density response function
stems from the central equation of TDDFT [96, 97]
χGG′ = χ
0
GG′ + (χ
0vχ)GG′ , (5)
where vGG′ represent the Fourier coefficients of an ef-
fective electron-electron interaction. In the RPA, these
terms are approximated to the bare Coulomb potential:
vGG′ ≈ 4piδGG′/|q+G|2, (6)
where a purely 3D periodic system is taken into account.
The drawback of this approach is the non-negligible inter-
action between the periodic replicas, no matter how large
their relative distance is. To cancel out this unphysical
phenomenon, basically due to the long-range character of
the Coulomb potential, we replace Eq. (6) by the trun-
cated Fourier integral over the out-of-plane axis (z):
vGG′ ≈ 2pi|q+ g|
∫ L/2
−L/2
dz
∫ L/2
−L/2
dz′ei(Gzz−G
′
zz
′)−|q+g||z+z′|,
(7)
where g and Gz denote the in-plane and out-of-plane
components of G. Eq. (7), tending to Eq. (6) for L→∞,
has been proved to establish a proper two-dimensional
cut off [24, 98–100], eliminating the interaction between
charge densities located at the different slabs.
5Once the interacting matrix elements in Eq. (5) have
been set by Eq. (7), the inverse dielectric matrix is ob-
tained as
(−1)GG′ = δGG′ + (vχ)GG′ . (8)
Collective excitations (plasmons) are established by the
zeros in the real part of the macroscopic dielectric func-
tion (permittivity) M = 1/(−1)00, whose imaginary
part gives the optical absorption spectrum.
The plasmon structure is provided by the energy-loss
function, being proportional to the imaginary part of the
inverse permittivity:
Eloss = −Im[(−1)00]. (9)
Nonlocal field effects are included in Eq. (9) through the
off-diagonal elements of χGG′ [101]. As in MG and BLG,
we verified that 51 G vectors of the form (0, 0, Gz), sorted
in length order from smallest to largest, lead to well-
converged results.
In what follows we discuss the dielectric and energy-
loss properties of silicene, as obtained from the outlined
TDDFT+RPA scheme at room temperature and under
several intrinsic or extrinsic conditions.
III. INTRINSIC SILICENE
The ground-state electron density for the optimized
lattice constant a = 3.82 A˚ and buckling parameter
∆ = 0.45 A˚ (Sec. II A) was used–in a non self consis-
tent run–to improve the resolution on the KS eigensys-
tem {|νk〉, ενk}. The latter was recalculated on an MP
mesh of N = 360 × 360 × 1 k points, including up to
60 bands. This result was plugged in the TDDFT+RPA
machinery, summarized by Eqs. (3)-(9), to have an accu-
rate representation of the electronic excitations and en-
ergy loss properties up to 20 eV. Similar calculations were
run for the lattice-constant values a = 3.86 and 3.89 A˚,
as reported in Appendix A.
The energy-loss spectrum of undoped (intrinsic) sil-
icene, with the LDA optimized geometry, is reported in
Fig. 3 for a broad range of frequencies, ranging from the
lower THz to the UV, and incident momenta along ΓK
and ΓM. Two plasmon structures can be clearly distin-
guished, i.e., a pi like plasmon and a pi-σ plasmon that
are peaked respectively at ω ∼ 1.7 eV and ω ∼ 4 eV,
in correspondence with the lowest sampled q values, be-
ing smaller than 10−2 A˚−1. The outlined interband
modes are counterparts to the well-known pi and pi-σ
plasmons of MG, BLG, fewlayer graphene (i.e., five to
ten stacked MG sheets) and graphite [18, 22, 24, 73,
98, 99], sharing with the former a squareroot behav-
ior of the energy-momentum dispersions in the optical
region. Nevertheless, the reduced width of the pi (pi∗)
and σ (σ∗d) bands [Fig. 1(b)] and the peculiar DOS fea-
tures [Fig. 1(c)], which characterize silicene with respect
to MG, cause a red-shift and a different relative weight
of the intrinsic plasmon peaks.
Indeed the pi and pi-σ structures of MG have similar
peak intensities [73], whereas the pi-σ peak of silicene
is generally larger (by a factor of 3 at q > 0.1 A˚−1)
than the pi like peak. This fact can be ascribed to the
weakening of the pi bonds in silicene due to the mixed
sp2-sp3 hybridization discussed in Sec. II A. Another dis-
tinctive aspect of the intrinsic response of silicene is
the double (quasilinear) dispersion of the pi like plas-
mon in the energy-momentum region ω & 2.5 eV and
q & 0.3 A˚−1, along ΓM [Fig. 3(c) and 3(d)]. In this
region, the collective oscillation is associated to SP exci-
tations between high DOS points connecting the pi and
σ∗d or pi
∗ bands [Fig. 1(c)].
A more detailed view on the pi like plasmon is offered by
Fig. 4, where we see how the very close (or overlapping)
energy levels in the pi∗ and σ∗d bands [Fig. 1(c)] generate
distinct plasmon features at high-DOS points [Fig. 1(d)].
For small incident momenta around the M point (q <
0.1 A˚−1) and energies below 2.5 eV, the large pi∗ DOS
peak hides the σ∗d contribution [Fig. 1(d) and 1(f)], and a
single plasmon character dominates along both ΓK and
ΓM. As q increases above ∼ 0.3 A˚−1 and ω gets larger
than 3 eV, the σ∗d component increases becoming of the
same order as the pi∗ component [Fig. 1(d) and 1(f)].
This increase is associated to a larger splitting between
the antibonding bands, which leads to a well-resolved
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FIG. 3. Energy-loss function of undoped silicene at T = 300 K
vs ω≤20 eV and q along the full ΓK [(a),(b)] and ΓM [(c),(d)]
paths of Fig. 1. In (b) and (d), the intensity scale is cut at
70% of the peak maximum, due to the pi-σ plasmon (as also
shown in Fig. 12).
6two-peak structure in the energy-loss spectra. The latter
presents markedly distinct features along ΓK and ΓM,
being a signature of the deeply anisotropic character of
the dielectric response of the system. In either cases, the
pi like plasmon is indeed a hybridized plasmon where the
role of pi-pi∗ and pi-σ∗ components, i.e., the relative spec-
tral weight of the associated SP processes, is modulated
by the excited electronic structure. In addition, slight
changes in the lattice constant cause some distortions of
the pi like plasmon peaks without altering the peak ratio
of the pi-pi∗ and pi-σ∗ parts (Appendix. A).
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FIG. 4. Eloss of undoped silicene vs ω < 5 eV and momentum
q < 0.7 A˚−1 along ΓK [(a),(c),(e)] and ΓM [(b),(d),(f)). The
intensity scale in (c), (d) is cut at 24% of the peak maximum,
occurring at low q and low ω [shown in (a), (b)]
Besides the pi like and pi-σ plasmons, Fig. 4 also shows
a nonnegligible intraband plasmon, peaked at energies
below 1 eV, which is generated by a conduction electron
concentration n∗ of 2.9×1011 cm−2 at room tempera-
ture. This value is larger than the one found in MG,
because of the smaller Fermi-velocity values that charac-
terize silicene, in spite of its larger unit-cell area, which
correspond to a lower slope in the vanishing DOS at the
K points (Figs. 1 and 2). The intraband feature is barely
visible in Figs. 3 and 4, where it is hidden by the onset
of the pi like structure. However, it can be detected at
the lowest q’s in Figs. 5 and Figs. 12 (of Appendix A),
where an extra peak below 1 eV is clearly spotted in both
Eloss and Im(
M ). Hence, intraband plasmons are also
possible in the intrinsic limit when finite temperature is
considered.
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FIG. 5. Complex permittivity and energy-loss function
of intrinsic silicene for selected transferred momenta below
0.3 A˚−1 along ΓK and ΓM . In (a)-(f), M is normalized to
the largest peak of its imaginary part, while Eloss is normal-
ized to its maximum value, with the infinitesimal broadening
width η of Eq. (3) being fixed to 0.02 eV. In (g)-(i), Re(M ),
normalized to its zero frequency peak, is reported for three
different values of η, to show how the Re(M ) tends to have
a zero, in coincidence with the intraband and pi like plasmon
resonances, as η artificially gets smaller and smaller.
From a closer analysis of M , we realize that only the pi-
7σ peak is a well-defined plasmon in a specific region of the
energy-momentum domain, with q ∼ 0.1 − 0.2 A˚−1 and
ω ∼ 5−7 eV, where it corresponds to a zero in Re(M ) at
a frequency where Im(M ) is small. All other pi like and
pi-σ structures can still be treated as collective excita-
tions, superimposed to SP processes between high-DOS
points, whose average lifetime broadening (η = 0.02 eV
in Eq. (3)) induces a large Landau damping.
A parallel situation has been observed in MG [18, 24,
99, 100]. Indeed, as we let the lifetime broadening param-
eter tend artificially to zero, the condition for occurrence
of a collective oscillation becomes more and more likely to
be satisfied. In support of this argument, Figs. 5(g)-5(i)
display Re(M ) for η = 0.02, 0.005 and η = 0.001 eV. The
intraband and pi-like plasmon structures are evidently re-
lated to quasi-zeros in Re(M ). Interestingly enough, the
complex permittivity and energy-loss function display a
nearly isotropic behavior for small values of the trans-
ferred momentum, below 0.15 A˚−1, while as q gets larger
than 0.15 A˚−1 the dielectric response of the system ac-
quires a tensor character. Similar trends have been re-
ported for MG [18, 101] and BLG [24]. As for the ab-
sorption spectrum, Im(M ) reflects the main features of
the energy-loss function with two or three optical peaks
(including the intraband mode at low q) being clearly
spotted. The interband peak positions at energies larger
than 1 eV are in agreement with previous absorbance cal-
culations [71, 72]. We should point out that our predic-
tions are based on the two-dimensional cut off procedure
outlined in the previous section, while the use of the bare
Coulomb interaction would lead to an erroneous position-
ing of the optical plasmon-peaks (see Appendix B).
IV. EXTRINSIC SILICENE
We now move to the loss properties of extrinsic sil-
icene with LDA-optimized geometry. In Appendix A,
we will discuss how the effect of stretching the lattice
constant (from a = 3.82 to a = 3.86 and 3.89 A˚) does
not alter the extrinsic plasmon features. In what fol-
lows, we specifically consider four different charge-carrier
concentrations, inducing negative and positive Fermi en-
ergy shifts ∆EF , in the range of −0.4 to 0.4 eV, rela-
tive to the Dirac-point energy. To achieve these extrin-
sic conditions, we adjusted the occupation factors fνk
and fν′k+q in Eq. (3) by shifting the Fermi-energy val-
ues by ∆EF = ±0.2 and ±0.4 eV, respectively. A sum-
mary of the sampled doping levels–and corresponding
conduction-electron or valence-hole densities–is given in
Table I. The pi like and pi-σ plasmons of the previous sec-
tion were found to be rather insensitive to the simulated
extrinsic conditions, as already indicated by several stud-
ies on graphene-related systems [18, 24, 26, 27]. Then,
we present a zoomed view of the energy-momentum re-
gion ω ≤ 2.5 eV, q < 0.35 A˚−1, which was computed
with the TDDFT+RPA method illustrated in Sec. II B,
using an equilibrium electronic structure represented on
an MP grid of N = 720× 720× 1 k points and 12 bands.
TABLE I. Fermi-level shifts ∆EF induced by adding (+) or
removing(-) n¯0 electrons per unit cell, with positive or neg-
ative charge-carrier concentrations n∗0, which correspond to
charge-carrier concentrations n∗ at T = 300 K.
∆EF (eV) n¯0 (el per uc) n
∗
0 (10
13 × cm−2) n∗ (1013 × cm−2)
-0.4 -0.0510 -4.039 -4.098
-0.2 -0.0126 -1.000 -1.055
0.0 - - 0.029
0.2 0.0135 1.071 1.136
0.4 0.0597 4.727 4.863
The energy-loss spectra for ∆EF = ±0.4 eV and
∆EF = ±0.2 eV are shown as density plots in Figs. 6
and 7, respectively. The most striking feature here is the
appearance of two distinct plasmon resonances, which
are nearly absent in intrinsic silicene at room tempera-
ture [Fig. 4(a) and 4(c)].
The most intense peak is associated to a two-
dimensional plasmon, denoted 2DP, which is clearly man-
ifested along both ΓK and ΓM, and exhibits a q1/2 dis-
persion at optical wave lengths, as the conventional plas-
mon of a two-dimensional electron gas. This mode has
been predicted and analyzed in a number of theoretical
studies on extrinsic MG, ranging from two-band models
in the Dirac cone approximation [102] to TDDFT ap-
proaches [18, 22, 99], and it is at the heart of technolog-
ical applications in graphene plasmonics [2, 3, 5].
Despite the difference in intensity, a second plasmon
of acoustic nature, denoted AP, is clearly visible for mo-
mentum transfers along ΓK, being generated by the two
type of Dirac electrons responsible for the different Fermi-
velocity values along ΓK [Fig. 2(a) and 2(b)]. The 2DP
corresponds to the two types of electrons oscillating in-
phase with one another, and the AP mode corresponds
to electrons oscillating out-of-phase. This mode has been
originally identified in MG [18, 22] and offers a linear
energy-dispersion in the low-q limit.
A signature of the asymmetric dielectric response of
the material is provided by the observation that the 2DP
mode is present along both ΓK and ΓM, whereas the
AP mode is present only along ΓK. This means that the
widely used Dirac cone approximation is capable of re-
producing only the 2DP features. By comparing Figs. 6
and 7, we see that interplay between the 2DP and the AP
is strongly sensitive to the extrinsic conditions, includ-
ing the doping sign, being associated to different charge-
carrier densities (Table I). More importantly, there is a
region in the energy-momentum domain, corresponding
to q ∼ 0.1 − 0.2 A˚−1, ω ∼ 0.2 − 0.6 eV, where the AP
mode is competitive with the 2DP. Although many recent
calculations have reported the existence of two extrinsic
plasmons in graphene-related materials [24, 103], the pe-
culiarity of the AP mode in silicene and MG [18, 22] is
that it occurs in a single, virtually gapless band. Our
study suggests that the occurrence of such a mode is an-
other universal characteristic of the honeycomb lattice (in
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FIG. 6. Energy-loss function at room temperature of posi-
tively or negatively doped silicene for ∆EF = ±0.4 eV, i.e.,
Eloss vs ω < 1.2 eV and q < 0.27 A˚
−1 along ΓK [(a), (c)] and
ΓM [(b), (d)]. The intensity scale is cut at 5% of the pi like
plasmon peak, visible at q < 0.05 A˚−1 and ω > 0.8 eV, which
corresponds to 0.1% of the 2DP peak. The black dots repre-
sent the (q, ω) values at which Re(M ) = 0 and Im(M ) is zero
or small. These mostly fall in a region where SP excitations
are absent, where the 2DP looks like a non-Landau damped
peak. An insight onto the no-SP-excitation region (delimited
by dashed green lines) is given in (e)-(h), where the intensity
scale is cut at 3% of the 2DP peak.
addition to the above mentioned infrared absorbance).
It is worth mentioning that the 2DP and the pi like
structure tend to get closer to each other, as the dop-
ing decreases. This is why at room temperature and zero
doping the onset of pi like mode mostly hides the 2DP
contribution [as already pointed out in Sec. III, with ref-
erence to Figs. 4 and 5].
Also interesting to notice is the opening of a gap in
the SP excitation spectrum for low q and ω, along both
ΓK and ΓM. Such a gap is in close agreement with the
(a) ΓK
AP
2D
P
(c) ΓK
AP
2D
P
(d) ΓM
2D
P
(b) ΓM
2D
P
ELOSS                         (arb. un.) at 300K   ΔEF=0.2 eV 
ELOSS                         (arb. un.) at 300K   ΔEF=-0.2 eV
π
-li
ke
π
-li
ke
π
-li
ke
π
-li
ke
ω
 (e
V)
0.100.00 0.20 0.30
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0.05 0.15 0.25
q (Å-1)
ω
 (e
V)
0.10 0.20 0.30
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
q (Å-1) q (Å-1)
0.00
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0.05 0.15 0.25
q (Å-1)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
ω
 (e
V)
0.050.00
0.0
0.1
0.2
0.3
0.4
q (Å-1)
ELOSS                         (arb. un.) at 300K
ΔEF=0.2 eV
0.050.0
q (Å-1)
ΔEF=-0.2 eV
0.050.00
0.0
0.1
0.2
0.3
0.4
q (Å-1)
ΔEF=-0.2 eV
(e) ΓK (g) ΓK
0.050.01
q (Å-1)
ΔEF=0.2 eV
(f) ΓM (h) ΓM0.0
0.1
0.2
0.3
0.4
0.0
0.1
0.2
0.3
0.4
FIG. 7. Energy-loss function at room temperature of posi-
tively or negatively doped silicene, for ∆EF = ±0.2 eV, along
ΓK [(a), (c), (e), (g)] and ΓM [(b), (d), (e), (h)]. As in Fig. 6,
the intensity scale is cut at 5% of the pi like plasmon peak in
(a)-(d), and at 3% of the 2DP peak in (e)-(h). The black dots
denote the zeros of Re(M ) in a region where Im(M ) is zero
or small. The dashed green lines delimit the no-SP-excitation
region, where the 2DP is not affected by Landau damping.
triangular region predicted by two-band models in the
Dirac cone approximation [102]. The latter is delimited
the by dashed green lines in Figs. 6 and 7, which corre-
spond to ω = vF q and ω = 2∆EF − vF q (with vF being
the average Fermi-velocity introduced in Sec. II A).
The 2DP falls onto the no-SP excitation region at the
lowest q’s, where it appears as a sharp peak not affected
by Landau damping, as displayed in Figs. 6(e)-6(h), 7(e)-
7(h), 8(a) and 8(b). Accordingly, the real permittivity
has well defined zeros in this region [reported as black
dots in Figs. 6(a)-6(d) and 7(a)-7(d)]. For (ω, q) points
outside the no-SP excitation region, the 2DP gets more
and more damped, with the Re(M ) = 0 condition being
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FIG. 8. Re(M ) and Eloss–normalized to their maximum
values–for extrinsic silicene at ∆EF = 0.4 eV [(a),(c)] and
∆EF = 0.2 eV [(b),(d)] for some fixed q points along ΓK.
violated at large q values, as shown in Fig. 8(c) and 8(d),
where the competition mechanism between the 2DP and
AP modes is emphasized. This explains why the intrinsic
response of Silicene does not offer well-defined plasmon
excitations, with the area of the no-SP-excitation region
being virtually zero. As a further evidence in support of
this argument, in Fig. 9 we show a complete analysis of
the macroscopic dielectric function and the two-plasmon
structure for ∆EF = 0.4 eV. Indeed, Figs. 9(c), 9(d)
prove that the 2DP is a genuine collective oscillation in
the no-SP-excitation region. On the other hand the AP
mode lies outside this region, and the corresponding plas-
mon oscillation is always damped in the Landau sense.
V. CONCLUSIONS
We have presented a full TDDFT+RPA analysis of the
dielectric properties and plasmon dispersion of intrinsic
and extrinsic silicene in freestanding form, in absence of
external fields and spin-orbit coupling, suitable for en-
ergies above 0.1 eV and incident momenta larger than
10−4 A˚−1. The energy-loss spectra of intrinsic silicene
have singled out two interband plasmon structures, ly-
ing at energies above 1.5 eV, which resembles the pi and
pi-σ modes of MG. The low-q features of the plasmon
peaks have been found in agreement with previous ab-
sorbance calculations [74]. A more careful analysis has
revealed that the pi like plasmon of silicene is assisted by
SP processes between hybridized sp2 and sp3 states, con-
necting the pi band to the pi∗ and σ∗ like bands, which
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FIG. 9. Dielectric properties of extrinsic silicene for ∆EF =
0.4 eV, i. e., Re(M ), Im(M ) and Eloss vs ω ≤ 1 eV, for
q . 0.3 A˚−1 along ΓK [(a), (c), (e)] and ΓM [(b), (d), (f)].
generates a double energy-momentum dispersion, best re-
solved for momentum transfers along ΓM . Similar char-
acteristics are expected to occur also in other buckled
two-dimensional materials in honeycomb geometry, such
as germanene.
At lower energies (below ∼ 1 eV), the energy-loss spec-
tra of extrinsic silicene show two distinct oscillations,
whose relative strength can be modulated by the dop-
ing concentration of injected or ejected electrons. Simi-
larly to MG, silicene presents a two-dimensional plasmon,
which shares many common features with the plasmon
mode of a two-dimensional electron gas, plus an acoustic
mode, being observable only along specific directions of
the incident momentum. Unlike the spin-polarized and
valley modes found at meV energies and far-IR momen-
tum transfers [47–49], being related to the opening of a
10
band gap, these two modes are generated in a gapless
band-structure by two different types of charge carriers,
i.e., Dirac electrons moving with distinct Fermi velocities.
Our findings suggest that the 2DP and AP modes exist
in other two-dimensional materials in honeycomb lattice,
such as germanene, making this features independent on
the chemistry of the group-IV element, buckling param-
eter, or hybridization state. More importantly, they sup-
port the argument that silicene-based nanomaterials are
excellent options for the design of next-generation nano-
devices, in competition with graphene-based nanomate-
rials.
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Appendix A: Influence of the unit-cell extension on
the plasmon structure
In this first Appendix, we report on how the loss prop-
erties of silicene are affected by geometry, specifically fo-
cusing on the intrinsic pi like and extrinsic plasmon fea-
tures, analyzed in Sec. III and IV, respectively. To this
end, we applied the TDDFT+RPA scheme on three dif-
ferent Si-Si bond lengths (yielding the lattice constant
values a =3.82, 3.86, 3.89 A˚ that have been quoted in the
literature [83]. The buckling parameter has been fixed to
its LDA-optimized value in all cases (∆ =0.45 A˚).
The calculated loss function is shown in Fig. 10 for in-
trinsic silicene and Fig. 11 for extrinsic silicene. The only
sensible effect is a red-shift of the pi like plasmon peaks
with the increase of a. In particular, at long wavelengths,
peak variations of 3.8% (along ΓK for q = 0.04 A˚−1) and
1.3% (along ΓM for q = 0.02 A˚−1) are recorded in re-
sponse to a change in lattice constant of 1.8%. The same
change yields a peak variation of 4% at small wavelengths
along both ΓK and ΓM for q = 0.4-0.45 A˚−1. The ex-
trinsic plasmon structure appears to be independent on
lattice-constant variations considered here.
Appendix B: Role of the two-dimensional cut off on
the Coulomb interaction
To complete our study, we focus on the long wavelength
limit (q < 102A˚1) and mid infrared to near ultraviolet
frequency range (ω < 5 eV) of the plasmon spectra of
undoped silicene, and consider some previous theoretical
results in comparison with the findings presented in the
main text.
Mohan and coworkers [69] have reported two-plasmon
features, with the pi-plasmon lying at 2.16 eV and the
pi-σ-plasmon being peaked at 7.6 eV. The same peaks
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FIG. 10. Energy-loss function of doped silicene vs ω ≤ 3
eV for specific small and large q values (in A˚−1) along ΓK
(a,b) and ΓM (c,d). Slightly different lattice constant values
(a=3.82, 3.86, 3.89 A˚) have been tested.
have been predicted to be around 2 eV and 9 eV, re-
spectively, by Das et al [70]. To verify these results, we
have solved the Dysonlike equation for the full suscep-
tibility (Eq. (5)) with the bare Coulomb potential coef-
ficients (Eq. (6)). The resulting loss function presents
a narrow pi-plasmon peak at 2 eV and a broad pi-σ-
plasmon peak at 7 eV along both ΓK and ΓM, at the
lowest sampled q values [Fig. 12(b) and 12(d)]. On the
other hand, with the two-dimensional cut off procedure
outlined in the main text the very same two plasmons
appear red-shifted [Fig. 12(a) and 12(c)], in agreement
with the calculations by Matthes and coworkers [71, 72].
The disagreement between the two approaches is partic-
ularly strong at the lowest sampled q points, as attested
by the plots of Fig. 12(e) and 12(f). This result adds up
to a number of previous studies [24, 98–100] where it has
been pointed out that the correct way to investigate and
describe the dielectric properties of a two-dimensional
system is provided by Eqs.(3)-(9). The calculations of
Fig. 12 also demonstrate that applying a two-dimensional
cut off on the Coulomb potential becomes unnecessary for
values of the momentum transfer larger than 0.2 A˚−1,
which is not surprising because the larger q-components
of the Coulomb potential do not contribute to coupling
of the repeated slab.
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